Autoimmune uveitis is a blinding disease presenting with autoantibodies against eye-specific proteins as well as autoagressive T cells invading and attacking the immuneprivileged target tissue retina. The molecular events enabling T cells to invade and attack the tissue have remained elusive. Changes in membrane protein expression patterns between diseased and healthy stages are especially interesting because initiating events of disease will most likely occur at membranes. Since disease progression is accompanied with a break-down of the blood-retinal barrier, serum-derived proteins mask the potential target tissue-related changes. To overcome this limitation, we used membrane-enriched fractions derived from retinas of the only available spontaneous animal model for the disease equine recurrent uveitis, and compared expression levels by a label-free LC-MSMS-based strategy to healthy control samples. We could readily identify a total of 893 equine proteins with 57% attributed to the Gene Ontology project term "membrane." Of these, 179 proteins were found differentially expressed in equine recurrent uveitis tissue. Pathway enrichment analyses indicated an increase in proteins related to antigen processing and presentation, TNF receptor signaling, integrin cell surface interactions and focal adhesions. Additionally, loss of retina-specific proteins reflecting decrease of vision was observed as well as an increase in Mü ller glial cell-specific proteins indicating glial reactivity. Selected protein candidates (caveolin 1, integrin alpha 1 and focal adhesion kinase) were validated by immunohistochemistry and tissue staining pattern pointed to a significant increase of these proteins at the level of the outer limiting membrane which is part of the outer blood-retinal barrier. Taken together, the membrane enrichment in combination with LC-MSMS-based label-free quantification greatly increased the sensitivity of the comparative tissue profiling and resulted in detection of novel molecular pathways related to equine recurrent uveitis. Molecular & Cellular Proteomics 9: 2292-2305, 2010.
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Autoimmune uveitis is a disease with recurrent attacks of the inner eye, eventually leading to blindness (1) . Activated, autoaggressive T cells specific for retinal autoantigens cross the blood-retinal barrier and are responsible for the tissue destruction (2) . To date, the molecular pathomechanisms of blood-retinal barrier crossing of the events causing disease progression as well as the causative events for relapses remain as yet unresolved. The spontaneous animal model equine recurrent uveitis (ERU) 1 (3) enabled us to undertake several studies comparing diseased versus healthy condition by proteomic analyses utilizing retina, vitreous and serum samples from horses (4) . As a result, we have shown that retinal Mueller cells are players in the pathogenesis of the disease as they transform into a gliotic phenotype-decreasing expression of glutamine synthetase and pigment epitheliumderived factor (PEDF) and simultaneously start expressing interferon gamma (5) . This observation is complemented by a quantitative comparison of serum samples with twodimensional-DIGE, where PEDF was also significantly downregulated in ERU cases (6) .
However, because a hallmark of the disease is the breakdown of the blood-retinal barrier (BRB), the tissue is flooded with the compounds of serum to an increasing extent along with disease severity. This is reflected by an increasing de-tection of the major components from serum such as albumin, transferring, and immunoglobulins as observed in classical 2D-gel based proteomics comparisons (5) from total retinal lysates. To quantitatively compare the composition of the target tissue itself, we decided to enrich the membrane and insoluble protein fractions from healthy and diseased tissue and directly subject those enriched tissue compartments to mass spectrometric identifications. Additionally, changes in the membrane proteome containing cellular and tissue surface proteins are especially interesting for understanding early events in the pathogenesis of this autoimmune disease because it involves auto-aggressive T cells entering and attacking the retinal structures and surface changes can potentially trigger these processes (7) .
In view of the fact that for such a large animal model as the horse, metabolic stable isotope labeling techniques such as stable isotope labeling with amino acids in cell culture are not applicable and because isotope-coded protein labeling proved too ineffective for small protein amounts (Hauck, unpublished observations), we used label-free quantification based on peptide peak intensity comparisons for differential profiling of membrane-enriched fractions.
EXPERIMENTAL PROCEDURES

Collection of ERU Cases and Controls-ERU was diagnosed according to clinical criteria as described by Deeg et al.(8).
A total of 15 ERU cases and 15 healthy controls were used for this study, including identification of differentially expressed membrane protein candidates and validation by immunohistochemistry. Eyes (both healthy and ERU) were sampled from horses that were patients in the Equine Clinic and had to be euthanized due to reasons unrelated to this study. A minor caseload of ERU eyes came from therapeutically enucleated eyes. Healthy controls were matched in sex and age. Retinas were dissected from the posterior eyecups directly after enucleation and were immediately stabilized with protease inhibitors (Roche) and stored at Ϫ20°C until further processing. For immunohistochemistry, collected eyes were fixed with BouinЈs solution (Sigma), embedded in paraffin (Micron), and sectioned (see more details below).
Sample Preparation-Membrane proteins from retinal tissue were extracted as described (9) with the following adaptations. Forty miligrams of frozen retinal tissue were homogenized in 3 ml of high salt buffer (2 M NaCl, 10 mM HEPES-NaOH, pH 7.4, 1 mM EDTA, complete protease inhibitors) using an IKA Ultra Thurax blender. The raw lysate was centrifuged at 17,500 g, at 4°C for 30 min. The resulting pellet was homogenized with 1.5 ml carbonate buffer (0.1 M Na 2 CO 3 , pH 11.3, 1 mM EDTA, 1 ϫ complete), incubated on ice for 30 min, and collected by centrifugation (17,500 g, 30 min at 4°C). The pelleted proteins were re-extracted once more with carbonate buffer as above. After centrifugation, the pellet was homogenized with 3 ml urea buffer (4 M urea, 100 mM NaCl, 10 mM HEPES/NaOH, pH 7.4, 1 mM EDTA, 1 ϫ complete) and centrifuged (17,500 g, 30 min at 4°C). In contrast to the previous published protocol (9), resulting membrane protein pellets were directly used for tryptic digests. From each tissue (healthy and ERU), three 40-mg portions were processed in parallel (technical replicates). All soluble fractions were combined, dialyzed for 12 h against 10 mM Tris pH 7.5, and proteins collected by acetone precipitation as described before (10) and used for SDS-PAGE and Western blots only (see below).
Membrane protein pellets were each solubilized in 36 l of ammoniumbicarbonate and 4 l of RapiGest™ surfactant (Waters, Milford, MA), denatured by addition of 2 l of 100 mM DTT and heated for 10 min to 60°C, cooled, and alkylated by addition of 2 l of 300 mM iodoacetamid for 30 min in the dark at room temperature. Trypsin was added (5 l, 0.5 mg/ml) and samples were incubated at 37°C for 16 h, followed by addition of 2 l of trypsin and incubation for additional 20 h. Samples were acidified by addition of 3 l of concentrated hydrogen chloride (HCl) and centrifuged (16,000 g for 30 min at 4°C). Soluble phase was retrieved and used immediately for LC-MSMS analysis.
Mass Spectrometry-LC-MSMS analysis was performed on an Ultimate3000 nano HPLC system (Dionex, Sunnyvale, CA) online coupled to a LTQ OrbitrapXL mass spectrometer (Thermo Fisher Scientific) by a nano spray ion source. Samples originating from in-solution digests of membrane fractions of retinal tissue were acidified with TFA and automatically loaded to the HPLC system equipped with a nano trap column (100 m i.d. ϫ 2 cm, packed with Acclaim PepMap100 C18, 5 m, 100 Å, Dionex) at a flow rate of 30 l/minute in 5% buffer B (80% acetonitrile, 0.1% FA in HPLC-grade water) and 95% buffer A (5% acetonitrile, 0.1% FA in HPLC-grade water). After 5 min, the peptides were eluted and separated on the analytical column (75 m i.d. ϫ 15 cm, Acclaim PepMap100 C18, 3 m, 100Å, Dionex) by a gradient from 5% to 50% of buffer B at 300 nL/minute flow over 140 min. Remaining peptides were eluted by a short gradient from 50% to 100% buffer B in 5 min. The eluting peptides were analyzed by the LTQ OrbitrapXL. From the high resolution MS prescan, the five most intense peptide ions were selected for fragment analysis in the linear ion trap if they exceeded an intensity of at least 200 counts and if they were at least doubly charged. The normalized collision energy for CID was set to a value of 35 and the resulting fragments were detected with normal resolution in the linear ion trap. The lock mass option was activated, and the background signal with the mass of 445.120020 was used as lock mass (11) . Every ion selected for fragmentation was excluded for 30 s by dynamic exclusion.
Label-Free Peptide Quantifications-The acquired spectra were loaded (Thermo raw files) to the Progenesis software (version 2.5, Nonlinear) for label free quantification. Profile data of the MS scans were transformed to peak lists with Progenesis LC-MS using a proprietary algorithm. This method uses wavelet-based filtering to smooth the peak envelopes and identify noisy areas, i.e. areas deemed to contain no ion peaks. Peaks are then modeled in nonnoisy areas to record their peak m/z value, intensity, abundance (area under the peak) and m/z width. MS/MS spectra were transformed similarly and then stored in peak lists comprising m/z and abundance. After selecting one sample as a reference, the retention times of all other samples within the experiment are aligned by manually creating three to five landmarks followed by automatic alignment of all retention times to maximal overlay of the 2D feature maps. Features with only one charge or more than seven charges are masked at this point and excluded from further analyses. After alignment and feature exclusion, samples were divided into the appropriate groups (healthy and ERU), and raw abundances of all features were normalized. Normalization corrects for factors resulting from experimental variation and was automatically calculated over all features in all samples. It results in a unique factor for each sample that corrects all features in the sample in a similar way for experimental variation. After normalization, statistical analysis was performed using transformed ("log-like" arcsinh(.)function) normalized abundances for one-way analysis of variance (ANOVA) calculations of all detected features. No minimal thresholds were set neither for the method of peak picking nor selection of data to use for quantification. Co-detection across all runs ensures that abundance data used for relative quantification is obtained for every peptide ion in every run resulting in data variance that is representative of the full dataset. Principal component analysis of all identified peptides revealed that the peptides cluster according to the groups and 41.5% of the peptides have a power Ͼ 0.8. For quantification, all peptides (with Mascot score Ն 30 and p Ͻ 0.01) of an identified protein were included and the total cumulative abundance was calculated by summing the abundances of all peptides allocated to the respective protein. Calculations of the protein p value (one-way ANOVA) were then performed on the sum of the normalized abundances across all runs. ANOVA values of p Յ 0.05 and additionally regulation of Ն 2-fold or Յ 0.5-fold were regarded as significant for all further results.
After quantification of peptides, those features not having an MS/MS scan from the initial samples run were exported to Excel (Microsoft) and used as an inclusion list for a replicate run of samples on the Orbitrap. Resulting raw data files were aligned to the experiments in Progenesis and additional MS/MS scans resulting from these measurements were added to the previous ones; however, the original quantifications and statistics were not changed.
Database Search and Protein Identification-All MS/MS spectra were exported from the Progenesis software as Mascot generic file (mgf) and used for peptide identification with Mascot (version 2.2) in the Ensembl database for horse (Equus caballus; EquCab2.56.pep, downloaded from ftp://ftp.ensembl.org/pub/current_fasta/equus_ caballus/pep/) containing a total of 22,640 protein sequences. Search parameters used were: 10 ppm peptide mass tolerance and 1-Da fragment mass tolerance, one missed cleavage allowed, carbamidomethylation was set as fixed modification and methionine oxidation, as well as phosphorylation of tyrosine, serine, and threonine were allowed as variable modifications. A Mascot-integrated decoy database search calculated a false discovery of Յ 3.55% when searching was performed on the concatenated mgf files with an ion score cut-off of 30 and a significance threshold of p Յ 0.01. Only peptides with ion scores of 30 and above and only proteins with at least one unique peptide ranked as top candidate (bold red in Mascot) were considered and re-imported into Progenesis software. All protein identifications are listed in supplemental Table 1 (separated into a list containing all proteins and another one containing only proteins with two or more unique peptides), all peptide identifications are listed in supplemental Table 6 . Identifications and quantifications of proteins based on only one peptide have to be accepted with care; however, they were considered for the explorative phase (pathway enrichment and protein network analyses) in order not to overlook anything (eg, false negatives). False positives would be identified and deleted in the later validation phase of the workflow.
Gene Ontology, Pathway Enrichment Analysis and Protein Network Analysis
Pathway Enrichment Analysis-We first searched the corresponding gene symbol for every identified protein in the Ensembl database (ftp://ftp.ensembl.org/pub/current_embl/equus_caballus/). If a gene symbol was not available, the gene symbol of the human orthologue was used. With the resulting gene list, pathway enrichment analyses were performed, separately for the upregulated and downregulated genes. A gene was regarded as upregulated or downregulated if the relation of relative cumulative peptide intensities between healthy and ERU was Յ 0.5 (Ն 2.0) and the corresponding p value calculated with the ANOVA test was Յ 0.05. In particular, we have used the overrepresentation analysis tool of the ConsensusPathDB program (version 12) (12) to obtain the overrepresented pathways from both gene sets. The complete set of identified genes has been taken as background list for the analyses. In Tables I and II , the overrepresented pathways derived from the downregulated and upregulated genes are listed. In addition to the information already supplied by the ConsensusPathDB program, we also included genes belonging to a respective pathway which were either not regulated or regulated in the opposite direction.
Protein Classification With Gene Ontolog)-Identified proteins were used for Gene Ontology (GO) term annotations "cellular component" based on Homo sapiens with BiNGO (BiNGO-2.31) (13) . 508 proteins could be allocated to the GO term "membrane" and based on this, percent membrane proteins were calculated considering GO terms "plasma membrane," "mitochondrial envelope," "endoplasmic reticulum membrane," "vesicle," and "nuclear membrane" (see supplemental Table 5 ). TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) was used for the prediction of transmembrane domains (14) .
Protein Network Analysis-Gene symbols for identified upregulated and downregulated proteins (p Յ 0.05 and Ն 2-fold or Յ 0.5-fold) as well as unregulated proteins (p Ͼ 0.05 and regulation between 2-and 0.5-fold) were further analyzed with the Search Tool for Retrieval of Interacting Genes/Proteins (STRING) tool version 8.2 (http:// string.embl.de) (15) . The protein interaction maps were created by allowing for experimental evidence as well as for the following predicted functional links: co-occurrence, co-expression, databases, and textmining. Stronger associations are represented by thicker lines and minimal required confidence was set to "high confidence" (0.700).
SDS-PAGE and Western Blots-Equal total protein amounts (Nanoquant Assay, Roth) from membrane-enriched and soluble retinal fractions were separated by SDS-PAGE (12% gels) and either stained with Coomassie Brilliant Blue or blotted onto PVDF membranes. After blocking for 1 h in 5% BSA, blots were incubated with antibodies against TIM23 (1:2500, BD Transduction Laboratories) or glutamine synthetase (GS, 1:1000, BD Transduction Laboratories) at 4°C overnight. Binding was detected by appropriate HRP-coupled secondary antibody incubation (2 h at RT) and signal development with ECL (GE Healthcare) followed by film exposure.
Immunohistochemistry-Enucleated eyes were punctured in the anterior part and immersion-fixed with BouinЈs solution (Sigma). After fixation, eyes were dehydrated in a series of alcohols. Posterior parts of fixed eyes were then cut into four quadrants as described earlier(16) and resulting specimens were embedded in paraffin. Tissue sections (from the nasoventral quadrant) were cut (5 m) and mounted on coated slides (Super Frost Plus; Microm), deparaffinized, and rehydrated. Heat antigen retrieval was performed at 99°C for 15 min in 0.1 M EDTA-NaOH buffer pH 8.8 (17) . We used polyclonal rabbit antibody specific for caveolin 1 (CAV1; Santa Cruz sc-894, 1:50), phosphofocal adhesion kinase (pFAK, Cell Signaling, 1:50) and integrin alpha 1 (CD49a, Lifespan Biosciences, 1:50) for candidate detection in tissues. For fluorescence labeling, secondary anti-rabbit IgG antibody coupled to alexa568 or alexa488 (both Invitrogen, 1:500) or anti-rabbit IgG Biotin (Linaris) 1:2000 followed by incubation with streptavidin-Cy5 (Linaris 1:500) were used for signal detection. Triple labelings were performed consecutively, with blocking steps (ProteinBlock, Dako) between single antibody incubations. For conventional staining, CAV1 signal was detected with secondary antibody antirabbit IgG biotin (Linaris, 1:1000), followed by incubation with peroxidase-conjugated streptavidin (Vectastain ABCElite:HRP kit; Linaris). Binding was visualized with the Vector HRP substrate kit VIP, which results in violet color (Linaris). Fluorescence stainings were photographed with an Axio Imager M1 (Zeiss), visualized with the Axio Vision 4.6.3 software (Zeiss), and processed with Photoshop CS3. VIP color stainings were scanned and further processed with image analysis software (see below).
Image Analysis-All VIP-stained slides were scanned at 20ϫ objective magnification by a Mirax Scanner (Zeiss). For each of the resulting digital slides, subsets (regions of interest) were defined from areas of retina from the median to central areas (16) and analyzed using commercially available software (Definiens Enterprise Image Intelligence™ Suite, Definiens) (18, 19) . A rule set was developed to detect and quantify semantic classes. In a first step, the algorithm segments pictures iteratively, recognizing groups of pixels as objects. Further in the process, the objects are classified based on staining intensity, morphology, neighborhood, and special color features and graded "VIP-area" as light red, dark red, and black red. The relative areas of the specific VIP stained areas were calculated in comparison to the total tissue area. Statistical analysis was performed by MannWhitney test. Significance level was defined as *** p Յ 0.001.
RESULTS
We first explored whether it is feasible to generate membrane-enriched fractions from individual specimen of horse retina in sufficient quality and quantity to perform a label-free proteomic comparison. To this end, we applied and adapted a previously published method (9) which was designed for membrane enrichment from small tissue samples (for analytical strategy applied here, see Fig. 1A ). Because horse retina specimen weigh on average around 200 mg, it was possible to qualitatively assess membrane enrichment with SDS-PAGE and subsequent Coomassie Blue staining of the gels. Equal total protein amounts from membrane-enriched fraction and pooled soluble fractions collected during the extraction steps were loaded and qualitative comparison of the gel images demonstrated a very different appearance of band patterns between membrane-enriched fraction and soluble fraction (Fig. 1B) . When soluble and membrane-enriched fractions were probed with antibodies against mitochondrial import inner membrane translocase subunit Tim23 (TIM23) as a marker for membrane proteins and with anti-glutamine synthetase (GS) antibodies as a marker for soluble proteins, Western blot analysis reveals very high enrichment for the respective compartments (Fig. 1B) . TIM23 is exclusively detected the membrane-enriched fraction and the majority of GS is detected in the soluble fraction. This suggests that enrichment strategy is sufficient for generating crude membrane fractions. In line with these qualitative data, we found that a major proportion (57%) of proteins identified were annotated to the GO term "membrane" (Fig. 1C) and prediction of transmembrane domains by TMHMM resulted in 297 proteins with one or more transmembrane domains (TMD) predicted. Among them were FAM38A (1 peptide, Mascot score 81) with 23 predicted TMDs, SLC7A4 (1 peptide, mascot score 33) with 14 predicted TMDs, 9 proteins with 12 predicted TMDs (GLUT1, SLC4A1, SLC6A1, SLC6A9, SV2A, SLC16A3, SV2B, NNT, STT3A), 6 proteins with 11 predicted TMDs (SLC4A7, SLC12A7, ABCA4, SLC4A10, SLC15A2, SLC16A1), 9 proteins with 10 predicted TMDs (SLC37A4, SLC6A11, STT3B, SLC38A3, SEC61A1, SLC1A3, ATP8B1, SLC2A3, ATP1A1), 5 proteins with 9 predicted TMDs (ATP2A2, SLC1A4, SLC1A5, SLC1A2, SLC32A1), 8 proteins with 8 predicted TMDs (NIPAL4, SLC17A7, CEPT1, COX15, PTDSS1, DHCR7, PMCA, ATP1A3), 8 proteins with 7 TMDs, 9 proteins with 6 TMDs, 16 proteins with 5 TMDs, 17 proteins with 4 TMDs, 30 proteins with 3 TMDs, 27 proteins with 2 TMDs, and 151 proteins with 1 predicted TMD (see supplemental Table 1 for all details). Among the proteins annotated to the GO term "membrane" (508 proteins), 45.9% qualified for GO term "plasma membrane", 22% for GO "mitochondrial envelope", 16.1% "endoplasmic reticulum membrane", 15.2% "vesicle" and 3.1% "nuclear membrane" (Fig. 1D) .
To assess technical reproducibility of the whole process (tissue fractionation, in solution tryptic digestions, and nano-LC-MS/MS (overview in Fig. 1A) ), we performed membrane enrichment and subsequent mass spectrometric analysis on retinal tissue divided into three equal parts (40 mg each) for one healthy and one ERU specimen. After the complete workflow of label-free quantification, we assessed the variation between cumulative peptide intensities for each identified protein for those replicate measurements (all details given in supplemental Table 1 ). The average coefficient of variation was 24.1% for all identified proteins in healthy and 17.1% in ERU tissue if proteins that were also identified with only one peptide were considered. Variation was even lower when only proteins identified with two or more peptides were considered: 17.1% (healthy) and 11.2% (ERU). The reproducibility of protein identifications was high, with 885 proteins identified in all three replicates (99.1% of all protein identifications) of healthy and 887 (99.3%) of ERU tissue.
Quantitative Comparisons of Membrane-Enriched Tissue Fractions Yields 179 Differentially Detected Candidate Proteins-After
having assessed the applicability of membraneenrichment to retinal specimen, we performed such enrichment on one healthy and one ERU retina. Because such samples are scarce, we took advantage of the fact that we could perform membrane enrichment with as little as 40 mg of tissue and accordingly divided the specimen into three such parts. This generated three technical replicates which allowed us to perform statistics on technical variation within the experiment. We processed those samples for mass spectrometry, performed LC-MSMS as described in the experimental procedures, and performed quantitative analysis with the Progenesis software package. Briefly, all detected features in the 2D maps were aligned between samples, normalized, and assigned to either the healthy or the ERU group. Then, ANOVA was performed on all normalized peptide intensities. All features with MS/MS data were then subject to identification with Mascot against the Ensembl horse protein database and search results were implemented into the experiment file. Peptide identifications were then merged into nonredundant protein identifications.
As a result we could identify a total of 893 proteins, among them 481 with Ն 2 peptides (Fig. 1E) . 334 proteins (179 with Ն 2 peptides) were found differentially expressed between healthy and ERU (p Ͻ 0.05 and more than 2-fold regulated). 172 proteins (96 with Ն 2 peptides) of these were upregulated in ERU (see supplemental Table 2 ), 162 proteins (83 with Ն 2 peptides) were downregulated in ERU (see supplemental Table 3 ).
Network and Pathway Enrichment Analysis for the Differentially Expressed Proteins-The complete list of identified pro-
teins was transformed to a nonredundant gene identifier list of the respective human homologues and then subjected to pathway enrichment analysis by ConsensusPathDB as well as used for analyzing protein networks by STRING version 8.2. To detect pathways or networks either upregulated or downregulated during uveitis, the candidate protein list was split into the respective parts (see supplemental Tables 2 and 3) .
STRING analyses with the subsets of either upregulated or downregulated proteins in ERU resulted in a loose network for the downregulated proteins (supplemental Fig. 1 ), which contains two clusters of higher connectivity around mitochondrial proteins and proteins involved in visual processes. However, the network produced by STRING for the subset of upregulated proteins ( Fig. 2A) contains a highly connected subnetwork which contains several membrane or membrane-associated proteins (Fig. 2B) , such as PELO (ITGA1, Integrin alpha-1 precursor ϭ CD49a antigen), CAV1 (Caveolin 1), IT-GAV (Integrin alpha-V precursor ϭ CD51 antigen), ITGB1 (Integrin beta-1 precursor ϭ CD29 antigen), ICAM1 (Intercellular adhesion molecule 1 precursor ϭ CD54 antigen), VTN   FIG. 1 . A, workflow overview: membrane proteins were enriched from retina specimen (healthy and ERU) followed by tryptic digests and mass spectrometric measurements (Orbitrap). Raw files were loaded into Progenesis software for quantitative label-free analyses. Peptides were detected and aligned across samples and grouped into either healthy or ERU group. Quantification was performed on the peptide level by accumulating intensities of extracting ion current (XIC) for all isotopes over the retention time of a given peptide and comparison of the resulting peak volumes between groups (ANOVA). After identification of peptides with Mascot in Ensembl horse database, identified peptides were merged into proteins and significantly regulated proteins were subjected to GO analyses, protein network analyses (STRING) and pathway overrepresentation analyses. Selected candidate markers for ERU were validated on large sample sizes by immunohistochemistry on paraffin-embedded tissue specimen and image analyses. B, equal total proteins amounts of membrane-enriched fraction (M) and soluble fraction (S) extracted from horse retina were separated by SDS-PAGE and either stained with coomassie or blotted and probed with antibodies against mitochondrial import inner membrane translocase subunit Tim23 (TIM23) or glutamine synthetase (GS). Coomassie staining reveals distinct band pattern for membrane-enriched fraction as compared with soluble fraction. GS, a cytosolic protein is strongly enriched in the soluble fraction and only traces are still remaining in the membrane-enriched fraction. TIM23, a protein expressed in mitochondria inner membrane is only detected in the membrane-enriched fraction. C, proportion of membrane protein is the membrane-enriched fraction. All identified proteins (white area) were subject to GO analyses with respect to subcellular localization and to prediction of transmembrane domains with TMHMM. 508 proteins were found to be included in the GO term "membrane" (gray area) and 297 had 1 or more predicted transmembrane domains (blue area). D, Subcellular localization of identified membrane proteins according to GO: PM -plasma membrane; MIT -mitochondrial envelope; ER -endoplasmic reticulum membrane; VESvesicle; NUC -nuclear membrane. E, Volcano plot showing differentially abundant proteins (log2 fold change, x axis; log10 p value ANOVA, y axis) from healthy against ERU membrane-enriched tissue fractions quantified with two or more peptides. Horizontal line indicates p ϭ 0.05 and vertical lines indicate 2 fold and 0.5 fold abundance changes. p values of 0.000 were set to 0.0005 in order to limit scaling. Black diamonds indicate regulated proteins, gray diamonds indicate unregulated proteins.
(Vitronectin), FN1 (Fibronectin), CD44, MMP14 (Matrix metalloproteinase-14), ITGB8 (Integrin beta-8 precursor), LAMC1 (Laminin subunit gamma-1 precursor), and LAMB2 (Laminin subunit beta-2 precursor). STRING analysis with the subset of unregulated proteins (supplemental Table 4 ) resulted in an overall loosely connected network which also comprised two highly connected subnetworks, one involving mitochondrial membrane respiratory chain NADH dehydrogenase (complex I) components and another with ribosomal proteins (supplemental Fig. 2 ). This confirms stable expression of biosynthesis and energy metabolism related house keeping proteins.
Pathway enrichment analysis with the ConsensusPathDB database yielded several significantly (p Յ 0.01) downregulated pathways in ERU (see Table I ), among them are rod and cone "visual signal transduction" (PID, BioCarta), reflecting the ongoing retinal tissue destruction in uveitis. The significantly upregulated pathways in ERU (see Table II ) contain "antigen processing and presentation" (BioCarta), "B cell survival pathway" (BioCarta), "exocytosis of alpha granule" (Reactome), "IL2" (NetPath), "TNF receptor signaling pathway" (PID), "immunoregulatory interactions between a lymphoid and a nonlymphoid cell" (Reactome), "integrin cell surface interactions" (Reactome), "integrin signaling pathway" (Biocarta), "ECM-receptor interaction" (KEGG), and "focal adhesion" (KEGG). Within the focal adhesion pathway, a total of 13 proteins (ACTN1; ACTN4; CAV1; COL6A1; FLNA; FN1; ITGA1; ITGAV; ITGB1; ITGB8; LAMB2; LAMC1; VTN) have been found upregulated in ERU and 12 additional proteins from this pathway were unchanged based on the criteria p Ͻ 0.05 and healthy/ERU Ͻ0.5-fold regulation (see supplemental Fig. 3 ; KEGG pathway "focal adhesion with color-coded regulation factors").
Candidate Validation by Immunohistochemistry on Tissue Collections/Repositories-After identification of regulated proteins and their allocation to functional pathways, the significance of these results remained to be validated. Because fresh tissue samples of ERU and healthy horses are rare, we chose to validate the findings on the existing large tissue repository which has been collected over some years from both ERU cases as well as non-eye-diseased control horses. Within the tissue collection, we cover all different stages of tissue destruction occurring in ERU pathology as well as individual differences reflecting the outbred horse population.
We selected caveolin1 (CAV1) as candidate membrane protein to be validated because it was listed in several of the upregulated pathways, such as "TNF receptor signaling path-
FIG. 2. Protein-protein interaction (PPI) map of up-regulated proteins in ERU (p < 0. 05 and more than 2 fold up-regulated).
A, Total cluster built with STRING allowing for experimentally verified and predicted PPIs at high confidence level (0.700). One highly connected subnetwork was evident which is enlarged in B.
way" (PID), "integrin signaling pathway" (BioCarta) and "focal adhesion" (KEGG). CAV1 was identified in the proteomics comparison with two peptides (total mascot score: 127) and an upregulation of 16-fold in ERU as compared with the healthy control.
Immunohistochemistry on 10 healthy and 10 ERU tissue samples confirmed upregulation in ERU. Although the appearance of the tissues is heterogeneous for the ERU cases, reflecting different stages of disease and disease-related tissue destruction as well as potential differences between individuals, the upregulation of CAV1 in ERU is consistent (Fig. 3) . To quantitatively assess CAV1 expression, we performed an automated staining routine with a stable chromophore that accumulates over time in direct correlation to CAV1 level as detected by the primary antibody. Image analysis with an algorithm detecting different gradings of staining intensities enabled us to automatically detect the respective areas and relate them to total tissue areas. As shown in Figure 3 , the relative amount of areas containing most intense (black-red) staining are significantly upregulated in ERU (***, p Ͻ 0.0001; Mann-Whitney test) and, concomitantly, areas containing lowlevel intensities (light red) for CAV1 are significantly downregulated (***, p ϭ 0.0007) in ERU.
Most interestingly, the staining intensity, respective CAV1 upregulation, is very pronounced at the level of the OLM (Fig.  3, B and D) , a structure where photoreceptors and retinal Mueller glial cells build a tight border against adjacent extracellular space by accumulation of tight junctions. Upregulation of CAV1 in this area suggests that this structure might undergo changes in ERU.
Because "focal adhesion" was one of the significantly upregulated pathways from the Consensus PathDB analysis and CAV1 is part of this pathway (see supplemental Fig. 3) , we further investigated whether we could find evidences for increased focal adhesion signaling in ERU tissue, especially at the level of the OLM. Immunofluorescence triple-labeling demonstrated regulation of pFAK together with CAV1 and integrin alpha 1 (ITGA1), which was also among the upregulated proteins identified in the proteomics screen (one peptide, mascot score 60, upregulated 3-fold in ERU) and is a direct neighbor to CAV1 in the focal adhesion KEGG pathway (see supplemental Fig. 3) . The triple-labeling (n ϭ 4) confirms upregulation of integrin alpha 1 (ITGA1) in ERU (4), which in healthy retina is exclusively expressed at the level of photoreceptor segments, whereas in ERU becomes upregulated throughout the tissue as well as at the level of the OLM (arrow). This staining partly overlaps with pFAK which also increases in ERU as compared with healthy controls especially at the OLM and throughout the retina. Both, pFAK and ITGA1 staining in ERU overlaps with CAV1 throughout the tissue as well as at the OLM, suggesting as yet undescribed active processes related to focal adhesion pathway in ERU (Fig. 4) .
FIG. 3. Candidate validation immunohistochemistry and image analysis.
Retinal specimen from healthy (A, C) and ERU cases (B, D) were stained with antibodies against caveolin-1 (CAV1) and staining was developed with VIP (purple color). Stained sections were scanned and processed with a pre-developed rule set for image analysis (C, D) . VIP staining intensities were graded into "lightred" (pink areas in C and D), "darkred" (red areas) and "blackred" (black areas) and respective areas were compared with total tissue areas (containing also unstained areas; gray in C and D). Percent "lightred area" significantly (p ϭ 0.0007) decreases in ERU (E), whereas "darkred" (data not shown) and "blackred" (F) areas increase in ERU (F, p Ͻ 0.0001 for "blackred areas"). Quantitative analyses were performed on 10 healthy and 10 ERU cases and significance was calculated with the Mann-Whitney test. DISCUSSION 
LC-MS/MS Workflow for Protein Identification From Membrane-Enriched Retinal
Fractions-The present study aimed at identifying changes in membrane protein expression related to spontaneous autoimmune uveitis. Since we have studied protein expression in retina of ERU cases before using conventional 2D gel-based proteomics, we know that this disease presents with activation of retinal Mü ller glial cells and with a break-down of the blood-retinal barrier (BRB) with variable severity (5). The latter poses serious problems with respect to identifying tissue-related protein expression changes as there is massive influx of serum-derived proteins which creates a strong bias for serum-derived proteins. Additionally, because autoimmune uveitis involves autoagressive T cells entering and attacking the retinal structures, this process is likely to be triggered by changes on the cellular and tissue surfaces. Therefore, we decided to enrich retinal specimen for their membrane proteins and focus the differential analyses on this tissue fraction. To this end, we adapted a previously reported method (9) which was established for membrane enrichment from little tissue sample material. In contrast to the previously reported method, however, we did not resolve the membrane-enriched fraction in detergents but directly subjected the membrane proteins to tryptic digestion in the presence of the surfactant RapiGest™. This resulted in a reproducible workflow which led to overall identification of 57% membrane proteins (based on GO annotation term "membrane") from the enriched fractions. This is comparable to the previously published method in which approximately 65% of the membrane proteins were identified (9) . The advantage is that the adapted method is easier because it requires no additional desalting column for detergent removal and can thus be expected to be more reproducible. In accordance with this, we found the overall variability percent coefficient of variation (CV) to be between 11 and 17% based on robustly identified proteins (Ն 2 peptides). Since the technical variability was not investigated in the publication of the original protocol, (9) we cannot directly compare our findings with these experiments. Therefore, we compared our variability to a recently published study also involving enrichment strategies in which a of as high as 30% is discussed as reproducible (20) , so the variability of the adapted method applied here is low.
Membrane enrichment resulted in identification of 57% proteins from GO category "membrane" which is consistent with the proportion achieved by the previously published (9) method. Because the GO term "membrane" also includes membrane-associated proteins, we additionally predict potential TMDs for all identified proteins. As a result, 297 proteins were predicted with 1 or more TMDs, which represent a proportion of 33.3%. Interestingly, the group of proteins with predicted TMD does not completely overlap with those proteins sub-summarized under the GO term "membrane" (see Fig. 1D ), and several proteins (27) which have a predicted TMD are not among the membrane-annotated ones (see all details in supplemental Table 1 ). Among them are transmembrane protein 221 (TMEM221) which has two predicted TMDs and synaptic glycoprotein SC2 (TECR) with three predicted TMDs. Uniprot entries of the respective human orthologues suggest four and three transmembrane domains, respectively, and because GO classification is based on the human orthologues, the GO annotation is in these cases incomplete. Both proteins have, to the best of our knowledge, not yet been detected in retinal tissue. Identification of proteins relies on the completeness of the sequence data for a given species. Because the results from a new whole genome sequencing initiative were published for the horse genome recently (21), we could significantly increase the total identification rate from formerly 383 equine proteins (National Center for Biotechnology Information database, data not shown) to a total of 893 nonredundant protein identifications from horse by using the respective release (Ensembl). Among these are many retina-specific proteins, such as retina-specific adenosine triphosphate-binding cassette transporter (ABCA4), cone-arrestin (ARR3), transducin alpha-1 (GNAT1), rhodopsin kinase (GRK1), phosducin (PDC), peripherin-2 (PRPH2), retinol-binding protein I (RBP1), interphotoreceptor retinoid-binding protein (IRBP), retinol dehydrogenase 12 (RDH12), RPE-retinal G protein-coupled receptor (RGR), cellular retinaldehyde-binding protein (CRALBP), rod outer segment membrane protein 1 (ROM1), retinoschisin (RS1), and S-antigen (SAG). However, the visual pigment rhodopsin which is a major part of the membrane fraction of photoreceptors was not among the identified proteins. The reason for not identifying this protein, however, is likely the incompleteness of the horse genome. Visual pigment rhodopsin was not yet included in this database, and can thus not be identified.
In an unrelated study where we applied the membrane enrichment to mouse retina, we could readily identify rhodopsin (unpublished data) from the ensemble mouse database.
Taken together, we conclude that the presented method is suitable to compare membrane-protein enriched fractions from retinas and results in a much increased analysis depth compared with conventional 2D gel-based proteomics comparisons (5, 22) .
Correlation to Previous Proteomics Studies in ERU-When comparing the identified proteins and their respective expression level between healthy and ERU specimen, we found a balanced proportion between upregulated and downregulated proteins in the disease and many proteins unchanged in expression. Additionally, we had none of the previously identified highly abundant serum proteins (5) present in the ERU tissue membrane fractions except for albumin (ALB) and apolipoprotein A-I (APOA1). This confirms that our approach to enrich for membrane proteins depletes the BRB-derived serum proteins and thus increases the sensitivity of the comparative analysis. In line with our previous proteomics comparisons (5), we found an increase of glial fibrillary acidic protein (GFAP) and vimentin (VIM) and a decrease of glutamine synthetase (GLUL) corroborating the involvement of retinal Mü ller glial cells in disease pathology. Additionally, we found a decrease of the inwardly rectifying potassium channel Kir4.1 (KCNJ10) which is well-known to be downregulated in response to retinal pathologies such as retinal detachment (23) , retinal ischemia (24) , and ocular inflammation (25) , likely resulting in glial swelling.
Expression Changes Related to ERU Pathology-Pathway enrichment analyses enabled us to group the observed expression changes between healthy and ERU specimens. Among the significantly downregulated pathways were "visual signal transduction" pathways from rods and cones. This is an expected result and confirms previously reported findings that normal retinal structure and function is severely impaired in autoimmune uveitis finally leading to complete blindness in the end stage of the disease (3). Other downregulated pathways include "akap95 role in mitosis and chromosome dynamics," "citrulline biosynthesis," "amino acid transport across the plasma membrane," and "notch signaling pathway" all represented with only two overlap members identified from our screen. Although this results in significant enrichment, the relevance for the disease remains to be elucidated. The pathways "cardiac muscle contraction", "cormation and maturation of mRNA transcript," "transcription," and "electron transport chain" present with larger numbers of overlapping proteins; however, many of the pathway-related proteins identified here are not downregulated (see last column in Table I ) but stably expressed. In particular, the "electron transport chain" pathway, representing mitochondrial energy production pathway, has both downregulated members as well as unregulated members. Energy balance may be critical for disease progression since it has been shown that during retinal degenerations induced by mutations, energy deprivation is a major trigger of cell death (26) . Thus, the tendency of loss of energy-supplying processes may be indicative for misbalance in energy supply and consequent neuronal degeneration; however, since many pathway members are still unchanged, this process might be in an early phase.
In contrast to pathways and processes downregulated in ERU which may mostly reflect loss of retina-specific neurons and functionalities, pathways upregulated in ERU may be potentially indicative for the cellular mechanisms related to disease progression. Among the most highly upregulated proteins in ERU are antigen peptide transporter 2 (TAP2) and antigen peptide transporter 1 (TAP1), which together form the so-called TAP complex as well as tapasin isoform 1 (TAPBP), beta-2-microglobulin (B2M), protein disulfide-isomerase A3 (PDIA3), calreticulin (CALR) and major histocompatibility complex (MHC) class I, which are associated with the TAP complex and together form the so-called peptide-loading complex located at the endoplasmic reticulum membrane (27) . This is reflected by the pathway "antigen processing and presentation" being among the significantly enriched pathways derived from the subset of upregulated proteins (Table II) . The peptide-loading complex is transporting peptides from the cytosol into the lumen of the endoplasmic reticulum and loading them onto MHC class I molecules for cell surface presentation. With few exceptions, most cell types constitutively express the peptide-loading complex molecules; however, IFN␥ and TNF␣ have been shown to induce the expression of both MHC class I as well as TAP1 and TAP2 (28, 29) . Since we have reported earlier a marked upregulation of IFN␥ in ERU (5), the upregulation of peptide-loading complex com-ponents reported here may be a consequence of IFN␥ induction. Future studies will aim at investigating whether in ERU levels of peptide-loading complex correlate with IFN␥ levels. Currently these analyses are not feasible because appropriate antibodies against equine components of the TAP complex are not available.
Other significantly enriched pathways include "TNF receptor signaling pathway," "integrin signaling pathway," and "focal adhesions." Interestingly, CAV1 participates in all three pathways and we thus decided to select CAV1 for a larger scale histological validation screen. CAV1 is a membrane protein with two TMDs and was identified and quantified based on two peptides (total mascot score 127) as being upregulated in ERU 16-fold (healthy/ERU ϭ 0.06). When we quantified the intensities of the staining signals produced with an anti-CAV1 antibody, we could confirm the initially reported upregulation. CAV1 expression is significantly increased in ERU and, although retinal tissue specimens are variable with respect to ERU-related destruction both within one specimen as well as between specimens, the increase of CAV1 expression is consistent. Histologically, increased CAV1 expression was observed along photoreceptor segments as well as along vertical structures throughout the retina resembling Mü ller cell processes and in retinal ganglion cells. However, the most pronounced increase of CAV1 expression was observed at the level of the OLM, which is a tight border that separates the retina from the adjacent extracellular space (interphotoreceptor matrix) and is formed by tight junctions between retinal Mü ller cells and photoreceptors (30) . This finding, together with the significantly upregulated pathway "focal adhesions," prompted us to investigate further whether changes of additional proteins from this pathway would also be apparent in the OLM. We selected ITGA1, which was identified as being upregulated in ERU (3-fold)(only based on one peptide (Mascot score 60)) and which was also included as a direct neighbor in the STRING network for upregulated proteins (Fig. 2,  PELO) . Additionally we aimed at challenging the predictions resulting from pathway enrichment analyses and probed for the phosphorylated form of pFAK which was not among our identified proteins, but is the first downstream kinase involved in focal adhesion signaling as suggested by the KEGG pathway model (see supplemental Fig. 2 ). The triple labeling on ERU tissue specimens not only confirms the upregulation of ITGA1, but also demonstrates a profound increase in pFAK staining when compared with healthy control sections. Additionally, a major proportion of the staining colocalizes with the CAV1 staining and thus confirms the in silico connections as suggested by STRING. Interestingly, in the healthy control sections, immunostainings for both ITGA1 and pFAK were restricted to the photoreceptor segments, whereas in ERU the staining intensity at the level of the OLM and additional staining throughout the tissue became evident (Fig. 4) . Because focal adhesions are sites where integrins link the extracellular matrix (ECM) with the intracellular cytoskeleton, and additional upregulated proteins identified here include the typical intracellular focal adhesion proteins such as actinin-alpha 2 and 4, the observed upregulation at the level of the OLM suggests yet unknown active processes concomitant to photoreceptor degeneration and tissue remodeling occurring in ERU. Since the OLM is located opposite to the retinal pigment epithelium which is part of the outer blood-retinal barrier (31) , this increase in focal adhesion kinase activity could indicate activation processes in connection to BRB break down. With respect to ECM proteins we found apart from ITGA1, ITGAV, ITGB1, and ITGB8 also upregulated in ERU. Interestingly, the ␣v␤8 integrin, combining ITGAV and ITGB8 subunits, has been shown to participate in activation of TGF␤ by presenting it as so-called "latent complex" to cell surface metalloprotease MMP14, which in turn release diffusible TGF␤ that can act in some distance from the site of activation (32) . Because MMP14 was also included in our dataset among the upregulated proteins in ERU, this could suggest increased TGF␤ signaling in autoimmune uveitis. Although TGF␤ is generally regarded as mediator of immune privilege, it is increased in the anterior eye chamber of mice in experimental autoimmune uveitis (EAU) (33) . Likewise, increased expression of TGF␤ had been observed in retinal tissue of Lewis rats developing EAU and it had been suggested to antagonise the proliferative action of similarly elevated VEGF on endothelial cells (34) . Whether or not TGF␤ is increased in ERU retina as well and which are the functional implications will be the focus of our future studies.
Further ECM proteins that are upregulated in ERU comprise vitronectin (VTN) and fibronectin (FN). FN is multidomain molecule, containing both VEGF-binding domains as well as integrin-binding domains. Simultaneous binding of the pro-angiogenic growth factor VEGF and alpha5beta1 integrin to FN greatly enhances the pro-angiogenic effect of VEGF by increasing endothelial cell proliferation (35, 36) . Since we have previously reported upregulation of VEGF by retinal Mü ller cells in the context of ERU pathology (37) , the upregulation of VEGF-receptive ECM proteins in the retina may suggest a synergistic pathomechanism for VEGF in ERU.
The method applied here proved to be very valuable in enriching cell membrane proteins of small tissue samples. The identified pathways involved in retinal homeostasis as well as major changes associated with a spontaneous organ specific autoimmune disease led to a better understanding of uveitis related pathways. Further experiments will clarify the role of changed candidates involved in focal adhesions, ECM, and antigen processing to advance to a systematically understanding of disease pathogenesis. CONCLUSION We aimed at increasing sensitivity for comparative proteomics screening of retina targeted by autoimmune uveitis. Changes in membrane proteins are especially interesting to understand initial events in tissue pathogenesis. Furthermore, because ERU pathology presents with a breakdown of the BRB, the strategy to enrich for membrane proteins proved additionally useful in depleting serum-derived proteins that would mask the detection of tissue-related changes. Another difficulty for comparative proteomics is added by the fact that the only available spontaneous animal model for this devastating disease is the horse and thus the clinical cases are based on an outbred population with a high variability. However, because this is a situation resembling the patient-topatient variability in humans, we tested whether it is feasible to perform instead a technically well-controlled proteomics comparison of single specimens and increase the caseload in the validation phase. This worked well because we could confirm the initially suggested regulation with all selected candidate proteins on tissue repositories. Thus, the high sensitivity of the proteomics comparison in combination with profound data mining enabled us to create new hypothesis for molecular pathways involved in ERU that can be validated and investigated in depth in the future.
